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Abstract
Experimentally Cr doping in the rutile phase of VO2 is found to stabilize a charge ordered
ferromagnetic insulating state in the doping range of 10% to 20%. Its origin at 12.5% doping
has been investigated using a combination of ab-initio electronic structure calculations as well as
microscopic modeling. The calculations are found to reproduce the ferromagnetic insulating state
as well as a charge ordering at the V and Cr sites. The mapping of the ab-initio band structure
onto a tight-binding Hamiltonian allows one to calculate the energy gain from different exchange
pathways. This is quantified for the first time and the role of charge ordering in stabilizing a
ferromagnetic insulating state is understood.
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INTRODUCTION
Among the magnetic systems that one encounters, an empirical rule has emerged, which
is that ferromagnetism is accompanied by a metallic ground state while antiferromagnetism
is found in members that are insulating. The ones that break these empirical trends are the
most interesting members as they would require a mechanism beyond the conventionally
accepted theories to explain the origin of the magnetic state. An example of a recently
discovered ferromagnetic insulator, V1−xCrxO2 [1–5] is examined in the present work. The
parent compounds VO2 [6–9] and CrO2 [10–13] are examples of an antiferromagnetic in-
sulator (though in a different polymorph) and ferromagnetic metal respectively. However,
experiments have found that for Cr doping percentage from 10% to 20% in the rutile phase
of VO2, the system is found to become a ferromagnetic insulator [5]. X-ray absorption spec-
troscopy which, apart from being atom specific is also sensitive to the valence state, reveals
the presence of Cr+3-V+5 pairs. The question that follows is why do such charge states get
stabilized and do they have a role in the unusual ferromagnetic insulating state found at
this doping concentration.
V atoms have a valence state of +4 in VO2 with the d electrons on V having an electronic
configuration of d1. An isovalent substitution of V with Cr should result in a configuration of
d2 at the Cr sites. As the fully doped end-member CrO2 is metallic, one expects a metallic
ground state to be favoured above a critical doping concentration. While the transport
properties of these systems haven’t been studied, x-ray absorption spectroscopy results which
are sensitive to the valence state of the transition metal atoms reveal the presence of V+5 as
well as Cr+3 species in addition to V+4 at 18 % doping of Cr doped VO2 [5]. These results
are suggestive of an insulating ground state being favoured, as otherwise the free carriers
present would result in all the V atoms having the same oxidation state.
In this work we have doped Cr into the experimentally observed rutile phase of VO2 for
doping concentrations of 12.5 and 25 % and examined the ensuing electronic and magnetic
ground states. A ferromagnetic insulating state is found at 12.5% which is consistent with
the dopant range in experiments where it has been seen. The doped Cr atoms are found to
be in the +3 valence state instead of +4 which is expected for an isovalent substitution. This
is achieved by the transfer of an electron from one of the nearest neighbor V sites, rendering
the latter with a valency of +5. While the distortion of the Cr-O and V-O bondlengths
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involve a large component of strain energy to stabilize the unusual valencies of Cr+3 and
V+5, they are stabilized by the large Hund’s intraatomic exchange on Cr favouring a d3
configuration as well as the attractive Coulomb interactions between Cr+3-V+5 ions. The
charge ordering of Cr+3-V+5 ions in the c-direction also facilitates hopping if the spins are
aligned ferromagnetically and is remniscent of a ’frozen-in’ double exchange configuration.
We carry out a mapping of the ab-initio band structure, for the ferromagnetic case as well
as the closest lying antiferromagnetic state at 12.5 % doping, onto a tight-binding model.
Within the model we determine the energy gain from the Cr+3-V+5 pathway as well as Cr+3-
V+4 pathway and show for the first time how charge ordering can stabilize a ferromagnetic
insulating state. This mechanism has to compete with other pathways present. This results
in an antiferromagnetic insulator being stabilized at 25 % Cr doping in our calculations.
METHODOLOGY
In order to calculate the electronic structure of Cr doped VO2, we have performed first
principle density functional theory based calculations using Vienna ab initio simulation
package [14]. We have used projected augmented wave [15] potentials. For the different
k-space integrations we have used a 6 × 6 × 8 Gamma-centered mesh of k-points and a
plane wave cutoff of 875 eV. The generalized gradient approximation (GGA)[16] was used
for the exchange-correlation functional and electron-electron interactions were considered by
including a Hubbard U within the GGA+U formalism[17]. We have used a U of 2.5 eV on
V atoms and a U of 3 eV on the Cr atoms. The total energy was calculated self-consistently
till the energy difference between successive steps was better than 10−5 eV. The total energy
of the ferromagnetic configuration was compared with the energy of other antiferromagnetic
configurations within the 24 atom
√
2a ×
√
2b × 2c supercell constructed using the exper-
imental lattice parameters of VO2 as the starting parameters, where a = b = 6.441 A˚ and
c = 5.700 A˚ [18]. We further optimized both the lattice parameters as well as the internal
coordinates of the crystal. After optimization we found that a was slightly (0.7 %) underes-
timated while c was overestimated by 4.6 % from it’s initial value. In order to understand
the results further we have mapped the ab initio band structure onto a tight binding model
using maximally localized wannier functions for the radial part of the wavefunctions using
WANNIER90-VASP interface [19, 20] implemented within VASP. The mapping was done
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for the 12.5 % doping concentration and was done for both the ferromagnetic as well as
the closest lying antiferromagnetic state. The tight-binding model involved Cr and V d and
O p states in the basis. The mapping allowed us to extract the onsite energies as well as
the hopping interaction strengths. As we now have the complete Hamiltonian, we switch
off certain hopping pathways and determine the band energy, computed as the sum of the
eigenvalues, within the tight binding model. This allows us to determine the contribution
from various exchange pathways in each magnetic configuration.
RESULTS AND DISCUSSION
In order to understand the electronic and magnetic properties of V1−xCrxO2, we first
consider 12.5 % Cr doping. This is explored by considering a supercell which has eight V
atoms in it and replacing one V in it by a Cr atom. The unit cell parameters were op-
timised for each of the magnetic configurations considered. They did not show very large
changes between the different configurations. The total energies were determined for the
ferromagnetic as well as various antiferromagnetic configurations. These are listed in Table
I. Each unit cell has four V chains running in the c-direction. This is also the direction in
which the distance between neighboring V atoms is the shortest and is equal to 2.99 A˚in the
undoped case and becomes 2.97/3.03 A˚ in the doped case. The other V-V bondlengths in
the plane perpendicular to the c-direction are 3.54 A˚. The configuration which is closest in
energy to the ferromagnetic configuration has the V atoms coupled ferromagnetically within
the chain. However, the coupling of nearest neighbor V atoms in the ab-plane is antifer-
romagnetic. This is labelled as AFM1. Another configuration which was explored had the
V atoms coupled antiferromagnetically along the chain. This was labelled AFM2 and had
the V atoms in nearest neighbour chains coupled ferromagnetically. As we have a doped Cr
atom which carries a different moment than the V atoms, we find a net moment for each
of the antiferromagnetic configurations probed and this has been indicated in Table I. The
ferromagnetic configuration is found to be more stable than the closest antiferromagnetic
configuration AFM1 by 100 meV. While the experimental ground state has not been exam-
ined at this composition, it has been found to be a ferromagnetic insulator at 10, 18 and
20 %. This seems rather strange, so we examine the density of states at 12.5% where we
already found a ferromagnetic ground state to be stabilized.
4
The atom, angular momentum and spin projected density of states are shown for two
distinct V atoms that we find in the unit cell as well as the Cr atom. The system is found to
be insulating, consistent with the experimental observation at a closely lying composition.
As each transition metal atom is surrounded by six oxygens, the d orbitals at each transition
metal site split into triply degenerate t2g orbitals at lower energies and doubly degenerate
eg orbitals at higher energies. Examining the Cr d density of states shown in Fig. 1(a),
one finds that the minority spin states lie beyond 3 eV above the fermi level and are empty.
The majority spin t2g states are however found to be occupied while the eg counterparts are
found to be empty. An isovalent substitution of V by Cr would imply a valence state of +4
on Cr. However, we find the electron configuration of t32g↑ on Cr, implying a valence of +3.
One of the V atoms has a d0 configuration. We identify a valence of +5 with this V atom.
Examining the density of states associated with the other V atom, we find that one can
associate a valence of +4 with this V atom. The integrated transition metal d component of
the charge within spheres of radii 1.33 A˚ for Cr and 1.323 A˚ for V atoms. on the sites labeled
V+4, V+5 and Cr+3 are found to be 3.35, 3.38 and 4.16. While a formal electron count of
1, 0 and 3 are expected in the transition metal d orbitals based on the oxidation state, one
finds the charge to deviate significantly from these values. This has been discussed in the
context of other systems earlier [21]. The magnetic moments on the other hand are found
to be 1.15, 0.21, 2.95 µB. They reflect the valence state better as has been seen earlier [21].
The considered supercell used for calculations is shown in the left panel of Fig. 2. The
V atom which has become V+5 (green balls), is nearest to the doped Cr atom (blue balls),
while the V+4 ions are represented by the yellow balls. While the V+5-Cr+3 distance is now
2.7 A˚, it was 2.99 A˚ in the undoped case. This suggests that there should be a substantial
energy lowering from attractive Coulomb interactions between V+5 and Cr+3 atoms. These
Cr+3-V+5 pairs form a chain in the c-direction as shown in the right panel of Fig. 2. The
transition metal - oxygen bondlengths better reflect the oxidation state when we use bond-
valence concepts. The Cr-O bond lengths in the optimized structure were found to be 1.96
A˚ (× 2) along the b-direction and 2.02 A˚ (× 4) in the ac-plane. All the V-O bond lengths
were 1.96 A˚ in undoped VO2. The V
+4-O bond lengths remain more or less similar to the
parent compound with two bonds a little shorter (1.92/1.93 A˚) along the b-direction. As one
would expect shorter V-O bond lengths for a higher valency of V atom, we also found the
V+5-O bond lengths to be 1.90 A˚ (× 6) smaller than that of the V+4-O ones. Based on these
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results, several immediate questions arise. For example, what leads to the charge ordering
at the V sites and formation of Cr+3-V+5 pairs, how does this pairing help in realizing the
ferromagnetic insulating ground state, why does the doped Cr atom acquire +3 oxidation
state rather than +4 oxidation state which would, emerge from an isovalent substitution.
To answer all the above mentioned questions, we have calculated the ab-initio band
structure along various symmetry directions for a 24 atom unit cell of VO2 in which one
V atom is replaced by a Cr atom corresponding to a doping of 12.5 %. No relaxation of
the internal coordinates was carried out. A ferromagnetic configuration is assumed and a
mapping onto a tight binding model was carried out for a model which had the transition
metal d and oxygen p states in the basis. Here, the radial parts of the wavefunctions are
considered to be maximally localized Wannier functions. The onsite energies were extracted
from the above mapping. Based upon this analysis, an energy level diagram showing the
position of various orbitals in the majority spin channel is shown in Fig. 3. Here we found
that the lowest lying V-d t2g orbital with the onsite energy 3.35 eV was ∼ 0.35 eV higher in
energy than the highest Cr-d t2g level with the onsite energy ∼ 3.0 eV. This is the reason that
the Cr d levels have three electrons on them. This large stability for the Cr+3 configuration
emerges from the large Hund’s stability associated with a half-filled t2g band. Allowing for
an optimization of the structure, we find that the structural distortions aid this ordering
at the Cr+3 site. Additionally, one finds that the oxygens around one V have distorted
resulting in a V+5 configuration. The other V atoms are in the +4 configuration and the
system becomes insulating after the relaxations.
This analysis offers answers to few of the questions raised earlier, however few questions
remain unanswered like why do we have a ferromagnetic ground state? Does the Cr+3-
V+5 pair formation help in realizing a ferromagnetic state? In order to develop a clear
understanding of these issues, we again carried out a mapping of the ab-initio band structure
for the ferromagnetic as well as the lowest lying antiferromagnetic state onto a tight binding
model at the same doping concentration. A comparison of the spin-polarized ab initio band
structure with the tight binding one in both the spin channels is shown in Fig. 4. One
finds that one has a reasonably good description of the band structure which gives us the
confidence to use the Hamiltonian for further analysis.
An estimate of the energy gain obtained from various hopping pathways available in this
doped system would enable us to quantify their role in stabilization of such an unusual
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ground state. For this purpose, we artificially switch off the Cr+3-V+5 interactions via the
intermediate oxygen atoms and calculated the band energy. A comparison of the evaluated
band energy with the value obtained without switching off any interactions would provide
us with the energy gain via the mentioned hopping pathways. This was done for both the
ferromagnetic configuration as well as AFM1 which was the lowest lying antiferromagnetic
configuration. We found that the gain in energy via this hopping channel in the ferromagnetic
configuration was ∼ 7 eV per hopping pathway. However, when a similar analysis was done
after switching off direct interaction between Cr+3-V+5 pairs, we found a very small energy
gain of 0.065 eV. Based on these two results one can conclude that there is no direct pathway
between the Cr+3-V+5 pair. The exchange pathway is through the oxygen atoms. We also
estimated the energy gain from all Cr+3-V+4 hopping pathways via the oxygen atoms. We
found the gain for the ferromagnetic configuration to be 3.11 eV per hopping pathway.
We then did the same analysis for the next competing AFM1 configuration to present a
comparative analysis in these two cases. The band energy gain in the AFM1 configuration
from the most dominating channel of Cr+3-V+5 pairs via the oxygen atoms was found to be
6.293 eV/per hopping pathway. It can hence be clearly seen that this gain is 0.7 eV larger
in the case of the ferromagnetic configuration when compared to AFM1 configuration. This
helps in stablization of the ferromagnetic ground state. Contributions from direct interaction
between Cr+3-V+5 pairs and from all Cr+3-V+4 hopping pathways via the oxygen atoms in
the case of AFM1 is coming out to be 0.217 eV and and 2.131 eV per hopping pathway
respectively. Although the direct hopping between Cr+3-V+4 pairs is larger in the AFM1
case, it is still substantially smaller than the channel via the oxygen atoms. The Cr3+-V+5
hopping interactions are again smaller in the AFM1 case when compared to the FM case.
The substantial gain from the exchange pathway between Cr-V sites suggests an im-
portant role played by the charge ordering in stabilizing a ferromagnetic insulating state.
Similar ideas were discussed by some of us in the context of another ferromagnetic insulator
K2Cr8O16 [22] and the present analysis for the first time is able to quantify the role of various
exchange pathways.
Previous ab initio study suggested a half metallic ferromagnetic character of Cr doped
VO2 in rutile phase at 25% doping [23, 24]. This study was done considering a 12 atom
supercell where replacing one of the V with Cr atom corresponds to 25 % doping. In order
to investigate the system at this doping concentration, we replace two out of eight V atoms
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in our 24 atom supercell which corresponds to the same doping concentration. We allowed
for volume optimization of this structure considering various magnetic configurations. The
results comparing the total energy and net magnetic moment evaluated for ferromagnetic
as well for various antiferromagnetic configurations at 25 % doping are given in Table II.
In contrast to the previous study, we found that the ground state in this case was the
AFM2 configuration, and was insulating in nature with an energy band gap of ∼ 0.69 eV.
The AFM2 configuration is similar to 12.5 % with the only difference that the two doped
Cr atoms which are in the farthest chain are antiferromagnetic coupled. In the AFM1
configuration, these two Cr atoms are again in the farthest chain but are ferromagnetically
coupled. These two magnetic configurations are the same except the coupling between two
Cr atoms is antiferromagnetic in AFM2 while it is ferromagnetic in AFM1. As the distance
between the two Cr atoms is 4.54 A˚, no direct coupling is expected. It is mediated via
the oxygens and involves the V+4 atoms and turns out to stabilize AFM2 over AFM1 by
60 meV.
The Cr+3-V+5 pairs were also found in this ground state at 25 %. Each Cr has magnetic
moment of 2.92 µB while the atoms identified as V
+4/V+5 have magnetic moments reduced
from their previous values in 12.5 % and are found to be ∼ 1.01/0.04 µB. The lattice vectors
obtained for the ground state in this case was found to be a = 6.41 A˚, b = 6.53 A˚ and c
= 5.89 A˚. However, no experimental data is available at this doping concentration to verify
the findings of our calculation.
CONCLUSION
The ferromagnetic insulating state found in Cr doped VO2 in the doping range from
10% to 20% has been investigated at the concentration of 12.5% within ab initio electronic
structure calculations coupled with microscopic modeling within a tight binding model. We
are able to reproduce the ferromagnetic insulating ground state within our calculations. Its
stability is explained from the emergence of Cr+3-V+5 pairs which are found to be strongly
stabilized by attractive Coulomb interactions. The presence of unoccupied t2g levels at the
V sites and occupied t2g levels at the Cr
+4 site leads to a superexchange pathway via the
oxygens. This is found to strongly stabilize the ferromagnetic insulating state and its role
is quantified for the first time.
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Total energy (eV) Net MM (µB)
FM 0.0 9
AFM1 0.1 1.0
AFM2 0.12 3.0
TABLE I. Relative energies of different antiferromagnetic magnetic configurations with respect to
ferromagnetic configuration for 12.5 % doping of Cr in rutile VO2. Net magnetic moment is also
given for each case.
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FIG. 1. Calculated spin projected transition metal d density of states for ferromagnetic Cr doped
in rutile VO2 at 12.5% doping. Different panels correspond to the atoms identified as (a) Cr
+3,
(b) V+5 and (c) V+4 in the calculations.
∗ Contributed equally to this work
† priya.mahadevan@gmail.com
[1] M. Marezio, B. Mcwhan, P. D. Dernier, and J. P. Remeika, Phys. Rev. B 5, 2541 (1972).
[2] J. B. Goodenough and H. Y. P. Hong, Phys. Rev. B 8, 1323(1973).
[3] J. P. Pouget, H. Launois, J. P. D’Haenens, P. Merenda, and T. M. Rice, Phys. Rev. Lett. 35,
873 (1975).
9
FIG. 2. The
√
2 ×
√
2 × 2 supercell has been shown on the left while the formation of Cr+3-V+5
chains as well as the bond lengths have been shown in the right for 12 % Cr doped in VO2. The
blue and green balls represent Cr+3 and V+5 while V+4 ions are represented by the yellow balls.
Total energy (eV) Net MM (µB)
FM 0.0 10
AFM1 0.091 6
AFM2 -0.031 0
TABLE II. Relative energies of different antiferromagnetic magnetic configurations with respect
to ferromagnetic configuration for 25 % doping of Cr in rutile VO2. Net magnetic moment is also
given for each case.
[4] K. G. West, J. Lu, L. He, D. Kirkwood, W. Chen, T. P. Adl, M. S. Osofsky, S. B. Qadri, R.
Hull, and S. A. Wolf, J. Supercond. Novel Magn. 21, 87 (2008).
[5] L. F. J. Piper, A. DeMasi, S. W. Cho, A. R. H. Preston, J. Laverock, K. E. Smith, K. G.
West, J. W. Lu, and S. A. Wolf, Phys. Rev. B 82, 235103 (2010).
[6] Z. Yang, C. Ko, and S. Ramanathan, Annu. Rev. Mater. Res. 41, 337 (2011).
[7] F. J. Morin, Phys. Rev. Lett. 3, 34 (1959).
[8] M. W. Haverkort, Z. Hu, A. Tanaka, W. Reichelt, S. V. Streltsov, M. A. Korotin, V. I.
Anisimov, H. H. Hsieh, H.-J. Lin, C. T. Chen, D. I. Khomskii, and L. H. Tjeng, Phys. Rev.
Lett. 95, 196404 (2005).
10
FIG. 3. Energy level diagram for Cr+4 d orbitals, corner and edge shared oxygen p orbitals and
V+4 d orbitals in the unrelaxed structure for 12.5 % Cr doped VO2. This was obtained by fitting
the ab initio band structure within a tight binding model considering Cr, V d and O p orbitals in
the basis. The radial part of the wavefunctions are considered to be maximally localized Wannier
functions.
[9] T. C. Koethe, Z. Hu, M. W. Haverkort, C. Schu¨ßler-Langeheine, F. Venturini, N. B. Brookes,
O. Tjernberg, W. Reichelt, H. H. Hsieh, H.-J. Lin, C. T. Chen, and L. H. Tjeng, Phys. Rev.
Lett. 97, 116402 (2006).
[10] R. J. Soulen, J. M. Byers, M. S. Osofsky, B. Nadgorny, T. Ambrose, S. F. Cheng, P. R.
Broussard, C. T. Tanaka, J. Nowak, J. S. Moodera, A. Barry and J. M. D. Coey, Science 282,
85 (1998).
[11] B. L. Chamberland, Crit. Rev. Solid State Mater. Sci. 7, 1 (1977).
[12] Y. S. Dedkov, A. S. Vinogradov, M. Fonin, C. Ko¨nig, D. V. Vyalikh, A. B. Preobrajenski,
S. A. Krasnikov, E. Y. Kleimenov, M. A. Nesterov, U. Ru¨diger, S. L. Molodtsov, and G.
Gu¨ntherodt, Phys. Rev. B 72, 060401 (2005).
[13] J. M. D. Coey, A. E. Berkowitz, L. Balcells, F. F. Putris, and A. Barry, Phys. Rev. Lett. 80,
3815 (1998).
[14] G. Kresse, and J. Furthmu¨ller, Phys. Rev. B. 54, 11169 (1996); G. Kresse, and J. Furthmu¨ller,
Comput. Mat. Sci. 6, 15 (1996).
11
FIG. 4. A comparison of the ab initio spin-polarized band structure for ferromagnetic Cr doped
VO2 and that obtained within a tight binding model considering Cr d, V d and O p states in the
basis. The calculations are for 12.5 % Cr doped VO2 after full volume optimization. The radial
part of the wavefunctions are considered to be the maximally localized Wannier functions. The
comparison for (a) up and (b) down spin channels have been shown.
[15] G. Kresse, and J. Joubert,Phys. Rev. B 59, 1758 (1999).
[16] J. P. Perdew, Y. Wang Phys. Rev. B. 45, 13244 (1992).
[17] S.L. Dudarev et.al. Phy. Rev. B. 57, 1505(1998).
[18] D.B. McWhan, M. Marezio, J.P. Remeika, and P.D. Dernier, Phys. Rev. B. 10, 490 (1974).
[19] A. A. Mostofi, J. R. Yates, Y.-S. Lee, I. Souza, D. Vanderbilt and N. Marzari, Comput. Phys.
Commun. 178, 685 (2008).
[20] C. Franchini, R. Kovik, M. Marsman, S. S. Murthy, J. He, C. Ederer and G. J. Kresse Phys.:
Condens. Matter 24, 235602 (2012).
[21] Priya Mahadevan, K. Terakura, and D. D. Sarma, Phys. Rev. Lett. 87, 066404 (2001).
[22] Priya Mahadevan, Abhinav Kumar, Debraj Choudhury and D. D. Sarma, Phys. Rev. Lett.
104, 256401 (2010).
[23] M. E. Williams, W. H. Butler, C. K. Mewes, H. Sims, M. Chshiev and S. K. Sarker, J. Appl.
Phys. 105, 07E510 (2009).
[24] M. E. Williams, H. Sims, D. Mazumdar and W. H. Butler, Phys. Rev. B 86, 235124 (2012).
[25] Otto Mustonen, Sami Vasala, Ta-Lei Chou, Jin-Ming Chen and Maarit Karppinen, Phys. Rev.
B 93, 014405 (2016).
12
